Abstract: Deoxynivalenol (DON, vomitoxin) is a natural-occuring mycotoxin mainly produced by Fusarium graminearum, a food-borne fungi widely distributed in crops and it is one of the most important mycotoxins in wheat and wheat-based foods and feeds. DON affects animal and human health causing diarrhea, vomiting, gastro-intestinal inflammation, and immunomodulation. Since the rate of the occurrence of DON in wheat is high, effective procedures to remove or eliminate DON from food products is essential to minimize exposures in those who consume large amounts of wheat. Cleaning prior to milling reduced to some extent the concentration of DON in final products. Since DON is distributed throughout the kernels, with higher content in the outer skin, milling is also effective in reducing the DON levels of wheat-based foods if bran and shorts are removed before thermal cooking. DON is water-soluble and cooking with larger amounts of water lowers DON content in products such as spaghetti and noodles. During baking or heating, DON is partially degraded to DON-related chemicals, whose toxicological effects are not studied well. This paper reviews the researches on the effects of milling and cooking on the DON level and discusses the perspectives of further studies.
Introduction
The mycotoxin deoxynivalenol (DON) or vomitoxin is a major metabolite produced by Fusarium graminearum (Teleomorph = Gibberella zeae), one of the most common fungi associated world-wide with grains in the field [1] . Besides F. graminearum, F. culmorum is a major plant pathogen, both causing Fusarium head blight (FHB) or scab in wheat and barley, and Gibberella ear rot in maize [2] . Like other Fusarium toxins such as zearalenone (ZON) and fumonisins, climatic conditions during the growth have the major influence on these plant diseases. The incidence of FHB is most affected by the rainfall at the timing of flowering, however, DON content is not always correlated with the severity of this symptom [3] . Chemically, DON is a member of the type B trichothecenes or 8-ketotrichothecenes, which consists of hundreds of compounds [4] . DON is often found to be co-exist with another two Fusarium mycotoxins nivalenol (NIV, a type B trichothecene) and ZON (not a trichothecene) in scabby grains (Figure 1 (b) , (c)). So far, regulatory values are set only for DON in many countries because of its worldwide occurrence including North America. The higher occurrence of NIV compared to DON was occasionally reported in Northern Europe and Asia [5, 6] . DON was found to be the compound responsible for emesis and feed refusal in swine [7] and it has been shown to be a strong emetic agent in swine, dogs, and ducklings [8, 9] . They are all non-volatile, low-molecular-weight sesquiterpene epoxides, sharing a tricyclic nucleus named trichothecene and usually contain an epoxide at C-12 and C-13, which are essential for toxicity [10] . Most trichothecenes have a C-9,10 double bond, which is also considered to be important for their toxicity [11] (Figure 1 ). So far, toxicological assessment of type B trichothecenes has for the most part centered on DON, the most prevalent compound in wheat field all over the world (Table 1) . DON have been reported to exhibit various toxicological effects such as reduction of growth and feed consumption (anorexia) at low concentrations in the diet whereas it induces vomiting (emesis) at higher acute doses in animals [12] . The ingestion of DON in mice mimics the common human glomerulonephritis, IgA nephropathy [13] . At the molecular level, DON is a noncompetitive potent protein synthesis inhibitor that can significantly alter humoral immunity, cell-mediated immunity in a variety of eukaryotic cells including experimental animal models [14, 15] . Although there are numerous reports on the toxicological effects of DON, it is not considered to be a mutagen nor carcinogen. Various reviews on the toxicity of DON can be found in the literature or website [12, [16] [17] [18] [19] 22] (Table 1) . [16, 20] DON contamination of wheat is a great concern to animal and human health. Prevention of Fusarium toxins including DON has been intensively studied by plant physiologists and plant pathologists all over the world because genera Fusarium are typical field fungi infecting plants on the field. They infect plant hosts and cause disease in the field, which result in not only reduction of harvest but also accumulation of several mycotoxins [24] . While there is a vast knowledge exists for the occurrence and prevention of Fusarium fungi on the field, the knowledge on the retention of DON after harvest and during processing is limited. On the other hand, approximately 600 million tons of wheat are produced per year worldwide and most of them are converted to wheat flour for human consumption, which is not the case of corn, of which the majority is used directly for animal feed. Much of the wheat flour will be then processed into various foods such as bread, pasta, noodles, and cakes. Therefore, the study on the retention of DON during primary processing (milling) and secondary processing (cooking) is important for the risk assessment and management for the people who live on the wheat-based food products. This article reviews the results of studies on the retention of DON during milling and cooking and discusses the directions for further studies.
Effects of primary processing; cleaning, scouring, density segregation and milling on the retention of DON
Harvested wheat kernels are converted to wheat flour for human consumption. The primary processing consists of selection and milling. Selection or separation of visually uninfected kernels is done by the properties of kernels, such as shape, size, relative density and resistance to air. The milling process for wheat is a dry milling after tempering (adding water to dry grain and allowing it to rest for a while). Many experiments are performed using various kinds of wheat kernels of naturally FHBinfected wheat or test samples artificially infected by F. graminearum (G. zeae). These kernels are contaminated with various level of DON from low-level (<0.1 mg/kg) to high-level (>5.0 mg/kg).
Effects of selection processes prior to milling on the removal of DON
Various equipment with either a single function or multiple functions of sorting, sieving and scouring are available and they are tested for the removal efficiency of DON containing kernels from the mixture of visually uninfected kernels and scabby ones.
DON could be removed on each process prior to milling to some extent. Scott et al. [19] showed that cleaning was effective because higher concentrations of DON were found in dockage. However, only a slight reduction was expected since the dockage accounts for only 3.2% of the weight of the parts where DON present. Generally cleaning was partially effective on removal of DON in various variety of wheat [20] [21] [22] [23] [24] 26] . Nowicki et al. [24] reported that scouring was effective because the toxin was unevenly distributed in the surface of kernels, and DON-producing fungus was also removed from the surface. Since scabby kernels have lower relative density, some studies revealed that the selection by gravity was more effective to remove heavily infected kernels with high-content of DON from visually uninfected kernels, especially in case of highly DON-contaminated wheat sample [25, 27] ( Table 2 ). Selection of Fusarium-infected kernels by spectrometric analysis such as mid-infrared spectroscopy or fluorescence analysis is also remained to be studied [34] . In all cases, the problem situates on the point that FHB level is not always correlated with the content of DON in the kernels and occasionally some level of DON is contained in visually uninfected kernels [3] . 
Effects of dry milling and DON distribution for each milling fraction
Most of the wheat harvested is processed in industrial scale mills for human consumption. Numbers of data are obtained by laboratory scale test mills. Test mills contain basic components for dry milling without purifier. Results have been reported from milling tests using wheat cultivars from Canada, USA, Korea, Japan since 1980's, and recently from Italy, Czech Republic, and Switzerland (Table 3) .
To some extent milling reduces DON levels in straight-grade flour by fractionation [25, 32, 38] . DON was found in the highest amounts in fractions of the commodity that are less likely to be used for food production (germ and bran fractions), but the toxin was distributed throughout the milling fractions basically independently of wheat variety [25-29, 35, 42-46, 48] . Cultivar dependency of kernel site where the fungus can invade, and cultivar specificity of reduction ratio of DON during milling were found in some cultivars of red spring wheat [30, 38] . It is reported that a longer tempering time is a possible cause of increase of total DON content after milling, because of propagation of DON-producing fungi during tempering [35] . the level of DON in cleaned wheat was 77% of that in uncleaned wheat. DON levels in the screenings, bran and fine middlings were 4.1-, 1.6-and 0.6-fold, respectively, relative to the uncleaned wheat.
[44] 
Effects of secondary processing; cooking with heating on the retention of DON
Numerous studies have documented that DON is heat-stable. DON is very stable during baking at the temperature of 170 ˚C -350 ˚C, with no reduction of DON concentration after 30 min at 170 ˚C [25, 37, 48, 50] (Table 4) . DON levels are reduced in cooked pasta and noodles because of leaching into the cooking water [30, 44, 53] since DON is water-soluble, while no reduction was observed in frying in oil [55] . Some evidence indicates that DON levels may be reduced during the processing in basic condition such as boiling of Chinese noodles (containing Kansui: a commercial preparation of carbonate and phosphate salts of potassium and sodium) [30] .
Extrusion cooking is one of the fastest growing food-processing operations in recent years due to several advantages over traditional methods. Reductions of 100, 95 and 83% for fumonisins, aflatoxins and ZON, respectively, have been reported during extrusion cooking of corn, while lower reductions were observed for DON, ochratoxin A and moniliformin, where maximum reductions did not exceed 55, 40 and 30%, respectively [58] . Accerbi et al. reported 62% reduction of DON in wheat during extrusion [52] in the presence of sodium bisulfate. Generally, no reduction of DON content by simple extrusion of wheat flour was observed [59] . Recently, an application of a new technology, superheated steam, for the reduction of DON in naturally Fusarium-infected wheat was reported by Cenkowski et al. [60] . A 48% reduction of DON was achieved with a steam temperature of 185˚C and a processing time of 6 min.
As for baking, some reports describe that heating reduces DON level just like ZON level in corn [28, 69] , while other reports deny the reduction of DON during heating [26] . On the other hand, DON level was decreased up to 35% during baking cookies. Some discrepancy of DON retention during baking bread or cakes may result from food additives, such as ammonium carbonate contained in batter [26] . During baking, isoDON, an isomer of DON was known to be formed (Figure 2 ). SugitaKonishi et al. reported that DON level was retained 108% while cytotoxicity level was reduced slightly, but significantly after baking [53] . 
DON metabolites and reaction products with matrix
As described above, DON is known to decompose under some conditions and form isomers or derivatives (Figure 2 ), however, little is known about their toxicity. Table 5 summarizes the toxicity of DON degradation products or biological metabolites of DON. During baking, isoDON, an isomer of DON was known to be formed [51, 61] . Heating DON under alkaline conditions gave DON degradation products such as the norDON series, which shows less cytotoxicity [56] . De-epoxy DON was not only found in milk and serum in cows fed DON contaminated feed, but also found in microbial inocula from rumen fluid, soil, and contents of the large intestines of chickens (CLIC) and of swine [62, 63] . De-epoxy DON was reported to be about ten times less toxic than DON assessed by IC 50 for inhibition of DNA synthesis in mouse 3T3 cells [20] . DON-3-glucronide, another metabolite of DON in animals, was also less toxic than DON [66] . Other metabolites of DON identified were 3-keto DON and DON-3-glucoside (DON-3G). Their biological activities remain to be elucidated. 
Discussion
Wet and temperate weather occasionally causes a high occurrence of scab or FHB of wheat, which gave us dual damages. One is an agricultural loss; the reduction of wheat harvest and another is a threat for food safety; the contamination of mycotoxins in wheat grains. DON is one of the major mycotoxins in scabby wheat, of which major part is processed for foodstuffs. The study on the retention of DON during primary processing (milling) and secondary processing (cooking) has been conducted since 1980's when scab become a major concern worldwide.
As for the selection for decontaminated kernels before processing, Seitz et al. [29] showed that cleaning Fusarium-infected wheat by a conventional commercial flow was not particularly effective in removing DON. Huff and Hagler [33] showed that density flotation could be used to separate Fusarium-infected wheat kernels, but the cost of drying the decontaminated grain limits commercial application. Various selection machines using air flow has been developed. Selection of Fusariuminfected kernels by spectrometry is underway. In all cases, the problem lies on the point that FHB level is not always correlated with the content of DON in the kernels, and the ratio of FHB to DON level varied slightly among cultivars. The correlation of DON levels with ergosterol content or ash concentration was reported, which still remains to be studied for application.
During milling process, DON is stable and not decomposed from naturally contaminated wheat. Some fractionation took place during milling and DON is more concentrated in low-grade flour streams and offals, but still present in appreciable amounts in the most refined flour streams which are intended for human consumption. These results are similar to those found in milled corn contaminated with ZON.
DON is highly water-soluble and DON level is drastically reduced during cooking using a larger quantity of boiling water if the cooking liquid is discarded, like in the case of making spaghetti. DON is very stable during thermal cooking such as baking, frying and extrusion cooking. Reduction of DON concentration is dependent on cooking time, temperature, pH, recipe, food additives, and other factors.
In summary, the available data clearly show that DON is reduced step by step during processing, but not completely removed from final products. For example, compared to the uncleaned wheat, the levels of DON were 77% in cleaned wheat, 37% in semolina, 33% in spaghetti and 20% in cooked spaghetti [44] . On the other hand, the change on the toxicity is not well studied.
Further studies should be conducted with respect to four points as follows: 1. Development of effective selection method for the discrimination of visually uninfected kernels from DON containing ones, since elimination of DON during processing is not an easy task. 2. Validation of analytical method for the assessment of the retention of DON in food production chain. There are many reports with analytical values cited in this article, but little of them describe validation data such as method recovery for each matrix, limit of detection, and intermediate precision. 3 . Multiple analyses of DON, NIV and ZON, which often co-exist in scabby wheat. Gas chromatography (GC) coupled with mass spectrometry (GC-MS), high-performance liquid chromatography (HPLC), and HPLC coupled with tandem mass spectrometry (LC-MS/MS) will be applicable for the multiple analyses of Fusarium mycotoxins [70] . [71, 72] . Recent advance on the analytical instruments such as LC-MSMS and LC-time of flight (TOF)-MS will help the elucidation of small amounts of degraded DON and conjugated DON metabolites. The development of the analytical equipment combined with a practical bioassay system which can predict biological effects will greatly contribute to the toxicological study of DON in humans.
Conclusions
Research on how cleaning, milling and cooking processes affect the retention of DON in wheat have been reported from North America, Europe and Asia. DON is reduced step by step during processing, but not completely eliminated from final products. In cleaning, substantial reduction of DON is achieved by removal of FHB-infected kernels, while it has a limitation because of the discrepancy between DON content and the severity of FHB. Reduction of DON can also be performed at the stage of milling if bran and shorts (outer skin of kernels; which contains higher amount of DON) are discarded. DON is heat-stable through cooking process, while boiling in larger amount of water reduces DON content by dissolution of DON in water. In some cooking such as heating under alkaline conditions, DON is reported to degrade to DON-related chemicals whose toxicological effects remain unknown. It will be necessary to monitor the DON-related chemicals considering a mass balance of total DON as well as to assess their toxicological properties.
